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FOREWORD

The work reported here was sponsored by a joint program of the National
Aeronautics and Space Administration and the Natioral Oceanographic and
Atmospheric Administration. The purpose of this program was to validate the
products of the many experimental remote sensing systems on the Seasat
satellite and to show their usefulness in applications to atmospheric and
oceanic studies.

Our research has addressed both validation and application of three of
the geophysical products from the Seasat Scanning Multichannel Microwave
Radiometer (SMMR), viz. integrated atmospheric water vapor, integrated
liquid water and rain rate over the oceans.

The contract was administered through the office of Dr. John W. Sherman
111, with Dr. John C. Alishouse as contract monitor. The work has benefited
from very efficient management. We would also like to express sincere
appreciation to Dr. Alislouse for invaluable covperation in many aspects of

the research.

Kristina B. Katsaros

Principal Investigator
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ABSTRACT

The work during this two year contract has been concentrated on
verification of the atmospheric water channels on Seasat's Scanning b
Multichannel Microwave Radicmeter (SMMR). Data from the Gulf of Alaska
Experiment (GOASEX), tropical island stations, and particularly from
the Joint Air Sea Interaction (JASIN) experiment have been used to
compare with the SMMR algorithm predictions. SMMR's water vapor has
been found to be at least as accurate as conventional radiosondes.
Liquid water and rain rate have insufficient comparisons for statistical
results, but can be said to show promise in a qualitative sense. The
Seasat SMMR maps of the atmospheric water components were found to be
very useful in helping to locate fronts and cloudy and rainy areas in
the JASIN experiment. Continuing work on applying Seasat SMMR data in
analyzing Pacific midlatitude cyclones is also reported herein, and some

speculation on future uses of this totally new marine atmospheric information

are offered.
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I. INTRODUCTION

The original aim of this work was to use sea surface temperature data
obtained by our group during the Joint Air Sea Interaction Experiment 1978
(Royal Society, 1979) in the North Atlantic for verification of the surface
temperatures produced from the Seasat Scanning Multichannel Microwave
Radiometer (SMMR)!. Soon SMMR surface temperatures in this region were
found to be greatly contaminated by radio frequency interference and iand
in the side lobes of the antennae. Our interest has therefore turned
instead to the atmospheric watcr parameters produced by SMMR algorithms,

Not much attention was given to these channels at first. They were mainly
on the instrument to provide corrections for the long wave channels of
SMMR and the radar type sensors (Gloersen and Barath, 1977).

However, interest in remote sensing of the atmospheric water parameters
dates back to the 1960's. Deirmendjian (1963, 1968) made thorough calcula-
tions of Mie parameters for liquid water spheres and ice spheres of absorp-
tion, scattering and phase matrix coefficients for various wavelengths and
drop size distributicns. He showed that these coefficients varied with wave-
length, drop size distributions, temperature, and phase of the hydrometeors.
Savage (1976) made simil. -alculations for wavelengths in the microwave
region, and then applied th. values of these coefficients to a radiative
model. By changing atmospheric parameters such as cloud temperature, rain-
fall rate, lapse rates, etc., he calculated brightness temperatures that
would be received by a satellite radiomecer. Other models have also appeared

in the literaggre (Weinmann and Davis, 1978; Jung, 1980).

! Information about the Seasat satellite and the SMMR instrument can he

found in Lipes, et al. (1979) and Njoku, Stacey and Barath (1980).
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Since there are an infinite number of possible atmospheric condi-
tions that could be modeled, the inverse problem (deducing atmospheric
parameters from given brightness temperatures) is not so easily solved.
Nevertheless, based on these earlier studies and further empirical
studies, algorithms have been constructed which can retrieve atmospheric
parameters from the brightness temperatures of SMMR's channels at 18, 21,
and 37 GHz (Bierman et al., 1978; Wilheit and Chang, 1979).

There are differences in approach between the two algorithms referenced
above, both in the way they are formulated and in the numerical techriques
used. For these reasons the Seasat project processed the SMMR data using
both algorithms during the evaluation period. 1In the first SMMR verification
workshop (GOASEX 1 Report, 1979) the two algorithms, "Wentz" and '"Wilheit"
named after their originators, performed reasonably well in midlatitudes,
where the total water vapor content was less than 35 kg/m? and the rain
rates were low, typically < 3 mm/hr. To test a wider range of conditions,
we sought radiosonde data trom tropical regions. Such data is available
from weather ship Iungyo and atolls in the Pacific. We only used data from
atolls small enough so that the emission by the land does not contaminate

the SMMR signals (SMMR Mini I and II, 1979},

II. VALIDATION OF SMMR ALCORITHMS

In 1980 a Seasat-JASIN workshop was held (Businger et al., 1980).
Many more data points were contributed to our intercomparisons because of
the frequent radiosonde schedule at a 200 km triangle of meteorvlogical

ships. The results of this work was presented at the COSPAR/SCOR/IUCRM

Colloquium in Venice, Italy in May of 1980 (Katsaros et al., 1981, see
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Appendix A). Further work on radiosonde intercomparisons has been
performed by Alishouse (1982),

During the Seasat-JASIN workshop, the potential contributions of
SMMR's products to the objectives of the JASIN program became evident
and were brought to the attention of our European colleagues through a
short article in Nature (Taylor et al., 1981, see Appendix B). It was
particularly valuable to have the areal coverage of i- :grated water
vapor in establishing locations of surface fronts. The prevaisnce of
research ships on the water also allowed more detailed comparison between
surface based observations and SMMR produced rain rates. This study where
SMMR products were applied to analyze the meteorological situation is

found in Tay’or et al. (1982, see Appendix C).

III. APPLICATIONS OF SMMR GEOPHYSICAL PARAMETERS

Those of us involved in looking at the atmospheric water informa ion
provided by SMMR (vapor in kg/mz, liquid in kg/mz, and rain rate in mm/hr)
feel that it has great potential both for atmospheric and nceanic research
and in the future for operational purposes as well. Because the atmos-
pheric water products were not the main motivation for Seasat, an optimistic
presentation of the potential of this information was given at a workshop
in Wisconsin (Katsaros, 1981, see Appendix D).

There is still much work to be done to put SMMR products of liquid
water and rain rate on a really firm quantitative basis. A new algorithm
based on Wilheit's has been offered by Chester (1981), which appears to be
more accurate. However, the comparison data remain very limited for these

two parameters and we will probably only be able to use Seasat SMMR's data
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in a qualitative sense. Nonetheless, they give us a totally new perspective
on the atmosphere over the ocean.

The integrated atmospheric water vapor signals are, however, already
competitive with the same information from radiosondes, and by SMMR's
spatial coverage provide both dependable and totally new intormation. Wz
are still keeping a watchful eye on problems which may be present when
evaluating water vapor content in the presence of rain.

With the encouraging results of the verification phase of the work,
we are now applying SMMR information to a study of the evolution of mid-
latitude cyclones during their passage across the North Pacific Ocean.
This work is continuing under a new contract, but a case study of a single

storm is reported below.

IV. ONGOING WORK STUDYING PACIFIC CYCLONES

A. Background and Objectives

Nimbus E Microwave Spectrometer (NEMS), Electrically Scanning Microwave
Radiometer (ESMR), and Scanning Microwave Spectrometer (SCAMS), satellite
microwave radiometers, have been reasonably successful in determining atmo-
spheric water parameters of water vapor, liquid water, and rain rate (Savage,
1976; Staelin et al., 1976; Chang and Wilheit, 1979). By using two-week
averages, Grody et al. (1980) defined the Intertropical Convergence Zone
(ITCZ) in terms of precipitable water and liquid water. However, these
previous radiometers did not have spatial resolutions commensurate with the

scale of phenomena such as frontal rainbands of the order of 30 km. With

Seasat's SMMR on the other hand, we have the opportunity to examine in more
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detail the atmospheric distribution of rain, liquid water, and water vapor
by virtue of the resolutions being 27 xm, 54 km and 54 km respectively.

The birthplace of Pacific northwest storms is in the Gulf of Alaska.

As they cross the ocean, they develop and change and often reach the west
coast of North America in an occluded form (Nuss, 1980; Ove:rland and
Heister, 1980). Traditionally, the strength and structure of these storms
was examined by merchant and weather ships, and buoy reports. More

recently GOES-W geosynchronous satellite pictures in the infrared and visible
wavelengths have improved the synoptic analyses over the Pacific Ocean.
Although these data sources provide information on areas of cloudiness,
surface pressure, temperature, and wind speeds, information on the mesoscale
structure 1is lacking. A SMMR type instrument can possibly fill this gap.
This project examines the possibilities of studying the mesoscale structure
of storms at different stages (i.e. initial, developing, and mature) in
terms of integrated atmospheric water vapor, integrated liquid water, and
rainfall rate as seen by the Seasat SMMR.

Fields of atmospheric water vapor, liquid water, and rainfall rate are
drawn for particular revolutions and are correlated qualitatively with
visible and IR satellite pictures, National Meteorological Center analysis,
and ship reports. Questions we are addressing include: How do these fields
change with the development of a Gulf of Alaska storm? Does SMMR aid in
location of fronts? Can SMMR be used to increase weather forecasting ability

over the oceans and in the landfall regions of these storms?

B. Methods and Data Analysis

Since the Seasat satellite was only operating during the months July

b
i
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through September 1978, the possible number of storms to study was limited.
During the summer months the stcrms that do develop tend to be weak,
disorganized and occlude rapidly before reiching the west cvast of North
America (Nuss, 1980). Nevertheless, there were some storms in the Seasat
lifetime that are adequate.

The criteria used in selecting storms was fairly subjective. It was
desired to study storms that exhibited a definite life cycle with initial,
developing, and mature stages, so National Meteorological Center surface
and 500 mb maps for the Seasat period were studied. Then storms with a
definite life cycle, well developed surface low, and reports of some rain
were chosen. On the basis of visible and infrared GOES-W satellite pictures
and- intersection with SMMR swaths, the storms were given varving priority.

Characteristics of the different stages of a storm are based on Wallace
and Hobbs (1977) and are shown schematically in Figure 1. Also shown in
Figure 1 are criteria used in determining which region is sampied by Seasat.
The categories ware defined as follows: SMMR samples a "prefrontal' region
when it just crosses the warm front, or is on the warm side of the cold front.
The "frontal region' is sampled when SMMR passes over the apex of the frontal
wave. This includes the surface low in the case of the initial and developing
stages of a storm. The "postfrontal"” region is sampled when SMMR passes
over the cold front or behind it. Tbis includes the surface low in the case
of the mature stage.

Table 1 lists the chosen storms with a brief description of each storm
and the revolutions that sample them. They are listed in order of priority
based on criteria outlined above. Also included are the region and the stage
of the storm that is sampled by each revolution with a statement of the

quality.
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C. A Case Study

So far, only the storm in the period 16-20 September has been studied
in any detail. Like many storms that track across the North Pacific (Nuss,
1980), this storm began as a wave that formed in the cold front region of
a very old system with the low center over the Aleutian Islands. It was
analyzed at 1200Z, Saturday, 16 September as a stationary front stretching
from 145°W to the dateline at 30°N, and a separate mature system located
over the Aleutian Islands (see Figure 2a). But in the satellite pictures
for this time, the two systems are hard to distinguish. By 0600Z, Sunday,
17 September (Figure 3b) a surface low had developed in the vicinity of
50°N and 160°W with a thick cloud shield as seen by GOES-W sateilite ahead
of the storm. The upper level flow became westerly-southwesterly during
this time. During 17 September the system began to occlude and join up with
an old surface low at 55°N and 175°W. By 1200Z, 18 September (Figure 4b)
tne upper level low had deepened and moved eastward, producing a south-
westerly flow in the region of the storm system. The system was in a
mature stage at this point with an occluded front stretching along the
north British Columbia and Alaskan coast. At 18002, 18 September (Figure &4c)
a wave developed along the cold front at 48°N and 150°W. At 0000z, 19
September it is evident that the system had become "vertical" with the
surface low and upper level low at the same location (see Figures 5a,b).
The system rapidly occluded and wound up, and by 1800Z, 19 September this
system had reached the British Columbia coast (Figure 5c). Surface and
500 mb charts for 16-20 September are presented in Figures 2-6.

Two revolutions that sample this storm, rev 1198 and rev 1212, have

been analyzed. Figures 7a, b, ¢ correspond Lo integrated water vapor,

bttt Sl den s iR b bt i b chaa i o ates 2GR RSt S Y i ‘
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liquid water, and rainfall rates, respectively, for rev 1198 (18302Z,
18 September); and Figures 8a, b, ¢ correspond to the same fields for
rev 1212 (1810Z, 19 September). Also shown in these figures are the
visible and infrared GOES-W satellite pictures and NMC surface analysis
tor the time of the Seasat pass. The dashed lines on these figures
enclose the SMMR swath. A few ship reports are included on Figures 7c¢
and 8c.

Figure 7c, rainfall rate for rev 1198, shows that the areas of rain
are concentrated along the cold front. Although there is no measure of
rainfall rate in ship reports, weathership C7P at S50°N 145°W (indicated
with a P on Figure 7c¢) reported steady rain from 1500Z to 2100Z. Two other
ships located outside the SMMR swath reported light drizzle.

Like the rainfall rate field, the integrated liquid water field (Figure
7b) shows the heaviest concentration along the front. Behind the cold front,
north of 50°N and from 140°W - 150°W, there are two areas of intermediate
concentration of liquid water. As expected, they coincide with areas of
bright clouds.

Like the previous two fields, Figure 7a of the integrated water vapor
shows maxima along and slightly ahead of the frontal region. South of the
front the contour lines of water vapor in kg/m? are widely spaced; whereas
to the north of the front, the contour lines are closely packed. This
corresponds well with the idea that a front is a boundary between two air
masses. one warm and moist, the other cool and dry.

In Figure 8c rainfall rate for rev 1212, there are again three distinct
rain areas located along and slightly ahead of the cold front. The middle

rain area shows an intensity greater than 3 mm/hr. There are four ship
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reports plotted in the vicinity of the area, all of which are reporting rain.
This field does not differ radically from the rainfall rate field of rev 1198.

The liquid water field (Figure 8b) again shows maxima along the front.
There appears to be a large amount of liquid water at 48°N 133°W in the same
spot as the strongest rainband. There is an area of integrated liquid water
greater than .2 kg/m’ behind the occluded portion of the frontal system that
corresponds well with the satellite picture. This pattern is somewhat
different from what was seen in Figure 7b.

The water vapor field of rev 1212 (Figure 8a) shows a stronger gradient
behind the front than is seen in Figure 7a, rev 1198. The water vapor seems
to be much more concentrated along the front. In Figure 8a behind the
occluded portion of the system, the air is much drier and has a more uniform
moisture field, as evidenced by the 15 kg/mZ line.

As Figures 7a, b, ¢ and 8a, b, ¢ show, the patterns derived from SMMR
correspond well qualitatively with the visible and infrared satellite
pictures. Also brought out by these patterns are features that canmot be
distinguished on the satellite pictures. These inclade rain areas and areas
of large amounts of liquid water. The atmospheric water vapor field may
prove to be a useful tool in determining how much precipitable water 1is
available in a storm. This could then be used towards improving quantitative
precipitation forecasts,

The other revolutions listed in Table 1 for this storm will be analyzed
in a similar fashion. Therefore, the storm will be sufficiently sampled at

all stages to follow its evolution. Further plans include constructing a

composite storm from the six listed in Table 1.
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NMC 500 mb analysis for 1200 Z

NMC surface analysis for 1200Z Figure 3d.
17 September 1978 17 September 1978

Figure 3c.
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NMC 500 mb analysis for 0000Z

19 September 1978

Figure 5b.

NMC surface analysis for 00002

19 September 1978

Figure 5a.
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19 September 1978

Figure 5d.

NMC surface analysis for 1200 Z

19 September 1978

Figure 5c.
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B > 40 kg/m°
FIGURE 7a
INTEGRATED WATER VAPOR (KG/M?) SEPTEMBER 18, 1978
SEASAT Rev 1198 GOES-W TIME 18452
SEASAT TIME 1830z NMC ANALYSIS TIME 1800z

The contours of the integrated water vapor are widely spaced southeast of
the front and closely packed northwest of the front within the SMMR swath.
The maxima occur just ahead of the front. This pattern shows clearly a
boundary between two different air masses.
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> 1.0 kg/m
> 0.6 kg/m
B > 0.2 kg/m
r IGURE 7B
INTEGRATED LIQUID WATER (KG/MZ)  sepTEMBER 18, 1978
SEASAT REV 1198 GOES-W TIME 1845z
SEASAT TIME 1830z NMC ANALYSIS TIME 1800z

The largest amounts of integrated liquid water are congentrated along the
front. Two areas of liquid water greater than .2 kg/m¢ are seen north of
the front in the vicinity of 55°N 145°W and 50°N 148°W. These areas
correspond well with cloudy areas seen on the GOES-W satellite picture.




> 2 mm/hr
a4 > | mm/hr
B > 05 mm/hr
O > 0.0 mm/br
FIGURE 7c
RAINFALL RATE (MM/HR) SEPTEMBER 18, 1978
SEASAT REvV 1198 GOES-W TIME 1845z
SEASAT TIME 1870z NMC ANALYSIS TIME 1800z

Note the two shipments located outside the SMMR swath that are reporting
drizzle. The letter P refers to the location of weathership C7P. It
reported steady rain from 1500z-2100z. Three distinct areas of steady
rain are seen by SMMR,
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FIGURE 8a
INTEGRATED WATER VAPOR (KG/M?2) SEPTEMBER 19, 1978
SEASAT Rev 1212 (1R) GOES-w TIME 1745z
SEASAT TIME 1810z NMC ANALYSIS 1800z

The air ahead and behind the front is somewhat drier than the air in the
corresponding area of rev 1198, Figure 7a. But, as in Figure 7a, the
maxima in atmospheric water vapor are concentrated along the front.



FIGURE 8B
INTEGRATED LIQUID WATER (KG/M2) SEPTEMBER 18, 1978
SEASAT REv 1212 GOES-W TIME 1745z
SEASAT TIME 1810z NMC ANALYSIS TIMe 1800z

The maxima in integrated liquid water are again concentrated along the front
The shaded area behind the occluded front near the surface low corresponds
well with brighter clouds as seen in the visible satellite picture.



B> 3 mm/hr
> 2 mm/hr
> | mm/hr
8 >05mm/hr
O > 0.0 mm/hr
FIGURE 8¢
RAINFALL RATE (MM/HR) SEPTEMBER 19, 1978
SEASAT REv 1212 (1R) GOES-w TIME 17457
SEASAT TIME 1810z NMC ANALYSIS TIME 1800z

The areas of rain are along the front in three distinct bands. The middle
band snows rainfall rates greater than 3 mm/hr.  Two ship reports, one

near 45°N, the other near 50°N, lying near SMMR areas of rain, reported
steady rain at 1800z.
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1. ABSTRACT

Determinatfons of total precipitable water vapor in the atmos-
pheric column between SEASAT-A and the ocean surface by two different
algorithms applied to the Scanning Multichannel Microwave Radiometer
(SMMR) on board this satellite have been evaluated. Compariscns
between the SMMR predictions and integrated radiosonde data have
been made on three scparate data sets. During the three months that
SEASAT was functioning, two large scale oceanic experiments took
place. The Culf of Alaska-SEASAT Experiment (GOASEX), September 1978,
was especlally designed to obtain in situ measurements. The second
one, the Joint Alr Sea Interaction Experiment (JASIN), which was
carried out mid-July *» early September 1978 in the North Atlantic,
wag not designed ror . EASAT, but its data set is well suited for
testing SEASAT's capabilities. Both GOASEX and JASIN tuok place in
midlatitudes in the Northern Hemisphere. The maximum amount of
atmospheric precipitable water vapor which was observed in these two
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experiments is 36.8 kg/m?. A third comparison data set is, there-
fore, produced from tropical WMO radiosonde stations on small atolls
in the Pacific, thereby extending the range to 71.5 kg/mz. The
original algorithms performed very well in midlatitudes on GOASEX
data, but overpredicted in the trepics by about 20%. Improved
algorithms were then tested at a SEASAT-JASIN workshop held in
Pasadena, California in March 1980. Statistics on the JASIN data
set plus a new set of tropical soundings show the predictions of

the improved algorithms to be within 6% in the JASIN area and 9% in
the tropics. An overview of the liquid water and precipitation rate
algorithm retrievals is presented. However, this information is
still only qualitative.

2.  INTRODLCTION

The Scanning Multichannel Microwave Radiometer (SMMR) on the
SEASAT experimental satellite, which was launched on 28 June 1978
and expired on 10 October 1978, measured the earth's emission in
five narrow frequency bands in both horizontal and vertical polar-
1zations (Table 1). (For a SEASAT mission overview see Born et al,
1979 and Born et al, this volume.) These ten measurements over the
ocean surface are utilized in determining the geophysical quantities,
sea surfuce temperature, wind speed, integrated atmospheric water
vapor, liquid water, and precipitation rate. The Nimbus-7 project
has chosen to utilize measurements over polar regions from an
{dentical instrument to make, in addition, estimates of ice and
snow conditions. Attenuation of the active nicrowave measurements,

e.x. altimeter path length corrections alsc are <ilculated from SMMR
data.

The inversion algorithms are based on a mix of theory, labor-
atory measurements and empirical correlation matrices obtained in
field tests. Two main algorithms are in use during the evaluetion
of the SEASAT SMMR performance, one referred to as Wentz (GOASEX
Workshop Report, 1979), and one referred to as Wilheit (Wilheit and
Chang, 1979). This report covers mainly the evaluation of the
determination of integrated atmospheric water vapor but will also

touch on the determinations of total columnar liquid water and pre-
cipitation rate.

The measurement of atmospheric water vapor and liquid water
with passive microwave techniques has had precedent in aircraft
experiments (e.g. Rosenkranz et al, 1972) and on the Nimbus-5 and 6
satellites (¢.g. Staelin et al, 1976, and Allison et al, 1974), but
SEASAT has the finest areal resolution to date (Table 1). In rela-
tion to the horizontal variability of these quantities in the atmos-
phere, the resolution s still very coarse. [t is obvious that
scattered cloudiness, such as the cumulus convection in the cold air
region of midlatitude cyclones, will not be resolved on a 54 X 54 km
scale. Precipitation is {n most cases concentrated in rain cells or
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Table 1

Frequency, Wavelength, Footprint Size, and Principal Geophysical
Quantity Predicted by SEASAT's 5 Channel SMMR

Seasat's
Microwave Retrieval (rid
Frequency  vavelength at 3dB limit

CHz (1] b x ke Principal Predicted Quantity
6.6 4.6 1% x 150 Sea surface temperature

10.7 2.8 85 x 85 wind speed

18.0 1.7 54 x 5% Precipitataon rate (18in)

Water vaper, liquid water
21.0 1.4 54 x 5% Water vapor, liquid water

3r.o 0.8 27 x 27 Precipitation rate (i78)
Windspeed in clear air
Water vapor, liquid water

rain bands, whose smallest horizontal dimension is of the order of
35 km (e.g. Mateijka et al, 1980).

Since SEASAT was planned as an experimental satellite, an
effort was made to obtain in situ data for verification and vali-
dation of whether the SEASAT instruments met their design specifi~
cations. For SMMR the GOASEX (Gulf of Alaska SEASAT Experiment)
was the only experiment specifically planned for this purpose which
could be carried out before the power failure which led to SEASAT's
premature demise. The data are from September 1978. During the
Joint Air Sea Interaction Experiment (JASIN) in the North Atlantic,
14 July - 5 September 1978, some special surface recordings were
made during SEASAT overpasses for the benefit of the validation
effort, but the experiment as such was not planned for this purpose.
The JASIN radiosonde data have, however, turned out to be one of our
most valuable data sources for total integrated atmospheric water
vapor, q;. The GOASEX radiosonde data came f-om weathership PAPA
(50°N, 145°W) and R/V OCEANOGRAPHER also at latitudes around S0°N.
The JASIN radiosondes used in this study are from a 200 km triangle
of research ships stationed at about 60°N. In both these data sets
the magnitude of q, is less than 36.8 kg/mz. An effort was there-
fore made to obtain data from the tropics.

the emissivity of land is much larger than that of the sea, only
weatherships, research ships, and radiosonde stations on tiny atolls
could be used. 1t is further necessary to select satellite and
radiosonde observations which are within a few hours of each other
and to be sure that the humidity profiles contain enough significant
levels for accurate integration. All three radiosonde data sets
were evaluated with similar trapezoidal rule integration schemes.
The JASIN data set was calculated at the Institute of Oceanographic
Sciences, Wormley, Fngland, and the Gulf of Alaska and tropical data

|
|
|
\
|
Because the SMMR antenna has significant sidelobes and because
|
|
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with the NOAA routine in the United States (see Alishouse and
Katsaros, 1980, for details). The evaluation of the SEASAT SMMR
performance has taken place in a series of workshops reported in the
GOASEX I Report (1979) or Lipes et al (1979, SMMR-Mini I Report
(1979), SMMR-Mini II Report (1979), and the SEASAT-JASIN Workshop
Report (1980). A limited set of SEASAT revolutions were processed
for each workshop. Problem areas in algorithms were identified and
improvements were made between each workshop.

3. EARLY RESULTS OF SEASAT SMMR WATER VAPOR RETRIEVALS

In the GOASEX 1 workshop there appeared to be a correlation
between sea surface temperature and water vapor predictions. A
possible explanation was that the correction for the emission by
the water vapor was improperly applied in evaluation of the sea
surface temperature. However, the values of total integrated water
vapor calculated by both the Wentz and Wilheit algorithms were in
excellent agreement with the five available radiosonde estimates.

By the SMMR-Mini I workshop (May, 1979) a few tropical intercompar-
isons were available. While the midlatitude estimates were still
good, the satellite overestimated q¢ by about 20% in the tropics.
Between SMMR-Mini I and SMMR-Mini II (September, 1979) the complete
antenna pattern correction, a problem called "cross-track bias"',

and other corrections had been incorporated from which new brightness
temperature values were generated and the geophysical parameters were
rederived. 1In addition, a few more tropical station intercomparisons
were obtained. The satellite value corresponding to a raob (radio-
sonde observation) was interpolated using the four nearest satellite
predictions. These results are found in Tables 2 and 3. The
calculated mean biases ard standard deviations show that there
existed a positive bias for the Wilheit algorithm of 20%, both in
midlatitudes and in the tropics, and that the Wentz algorithm, which
was tuned for midlatitudes, was within 7% there but was off by 24%

in the tropics.

4. WATER VAPOR RETRIEVALS AT THE SEASAT JASIN WORKSHOP

During this workshop the algorithm improvements made on the
basis of the experience gained in the three previous SMMR workshops
were tested against independent high quality data from the JASIN
experiment and against new data from the tropical Pacific.

4.1 JASIN Area Evaluations of Integrated Water Vapor (Wentz
Algorithm)

The surface truth data sets available to the workshop included,
in total, 320 radiosonde flights from the JASIN ships for comparison
with 30 selected SEASAT revolutions. Many of the radiosonde flights
were designed only to reach 500 mb. Figure 1 shows the mean water
vapor content of different layers of the atmosphere for each of the
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Table 2

Radiosonde and SMMR Determined Values of Total Atmospheric Water
Vapor in the GOASEX Experiment

SEASAT Raob Raodb Wentz  Wilhelit
Date Statton Rev Time (2) ke/m' kp/m¢ hp/w? Comments

July 3, “78 [ W/S Papa 495 \s00 22 2‘,7(— 27
Sept 13, "8 R/V Qcean 1120 0747 16 14 17
sept 14, 78 MW/S Papa 1135 0911 12 12 13
Sept 16, 18 R/V Ocean 1103 0819 12 1 1
Sepe 17, I8 W/S Papa 1178 0923 13 14 17
sSept 22, 78 | R/V Ocean 1255 1822 17 13 18
Sept 24, "78 | WS Papa ) 1284 1903 13 1z ib

Mean 15 IR 17.6

Bias YN 2.6

(=67 (AR4

Stand.td deviation 3.7 w9 .S

Table 3

Radiosonde and SMMR Determined Values of Total Atmospheric Water
Vapor at Tropical Stations (Results of SMMR Mini-
Workshops 1 and 11)

Satellite Island
SEASAT Raob overpass area, 2 Racb Wentz Wilhelt

Date station Rev Time (Z) Time 0 MT ot Crid kg/m® kg/m?  kg/m® Comments

Cept 1o, "78 | Johnsten Is| 1135 2315,1115 -0921 0.04 48 53 49

Sept 19, "78 Funafuti 1214~5 2300 22:52:44 0.1 37 50 51

Sept 19, "I8 Majuroe 1214-5 2255 22:56:00 0.3 50 63 58

Sept 19, "738 Kwajalein 1214-5 2300 22:58:30 0.5 ob 70 70

Sept 19, "8 | Wake 1s 1214-5 2300 23:01:30 0.3 42 52 53

Sept 20, "78 | Guam 1216 2300 0:40:45 19 51 67 62

Sept 20, “78 | W/S Tanpo 1216 2330 0:44:45 - 63 81 76 nrrobably raining

Ao Tt s s .9 W/% Tango data

Bias 1.6 6.9 are not included
(23 Q1) in statistics.

Standard deviation 10.5 11,91 0.2

data sets. It suggests that the water vapor content above 500 mb
might be estimated to within $2.0 kg/mz. However, initial compari-
sons suggested that the SEASAT determirations were at least this
good. It was therefore decided to limit comparisons to radiosonde
fiights which reached pressures of 250 mb or less, and which were
launched within *2 hours of the overpass time. Tnese stringent re-
quirements resulted in the set of 19 comparisons shown in Table 4.
The mean magnitude of the difference between overpass time and radio-
sonde launch time was 45 minutes. SEASAT values of the water vapor
content were obtained from plots of the Wentz algorithm determina-
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Table 4

Comparisons of Surface Truth and SMMR (Wentz Algorithm)
Determinations of Total Water Vapor Content in JASIN

Radiosonde

Difference
Seasat Top Seasat SR -
Tine Radiosonde Time Pressure SMR Raob Ninus
Day Rev CMT  Flight oMT Y kg/al  kg/e? Raod :
219 590 0622 Cl104 0357 200 15.0 14.0 +01.0 per
219 599 2182 Jos3 2143 207 18.9 14.0 +04.9 e .
23 800 2245 K041 2357 238 21.2 2.9 ~00.7 3
3 800 2245 M(*) 23/ 200 21.2 20.5 +00.7 4
%0 4
234 805 0653 HO42 0608 220 18.1 15.3 +02.8
235 829 2321 c140 236/ 130 16.6 18.2 -01.6
0026
235 829 2321 HO6) 2358 155 17.0 14.6 +02.4
23 829 2321 M(Y) 236/ 200 12.3 16.1 +01.2
00
236 834 0730 c141 0557 135 16.0 15.0 +01.0
23 834 0730 HOb2 0559 215 15.2 16.1 ~00.9
236 843 2252 Ho?7 2347 180 20.5 21.3 -00.8
238 2 2328 M(*) 239/ 200 25.8 2%.7 +01.1
00
239 886 2259 H098 2358 170 29.3 27.9 +01.4 3
242 929 22 H119 2355 195 31.0 28.2 +02.7
242 929 2312 M(*) 263/ 200 36.9 36.8 +00.1 -
00
264 964 0022 c21 0009 120 21.0 18.7 +02.9 ]
244 958 2353 c238 2359 180 22.0 20.1 +01.9 k-
244 958 2353 H245 0037 190 21.9 19.6 +02.3 v
204 9s8 2383 M) 245/ 200 22.5 221 +00.4 L
00 3
Hean 1.4 20.3 1.2 (6X)
Standard deviation 5.8 5.9 1.6

KEY TO SHIPS: C = Gardline Fndurer, H = Hecla, M = Metecr, J = John Murray.

*Indicates Meteor Synoptic Report, the times are then 00Z on the following Juilan Day.

tions covering the JASIN area. The actual value used was obtained
by linear interpolation between the nearest data points. The differ-
ences between the SEASAT and in situ values shown in Table &4 are
plotted against the radiosonde water vapor values in Figure 2. There
is no obvious relationship.

One point, representing a radiosonde flight from the ship JOHN
MURRAY, has considerably greater difference. Examination of space-
craft and the radiosonde data for this comparison shows no reason

for its rejection. It has, therefore, been retained in the statis-
tics.

Except for the one JOHN MURRAY value, there is no significant
difference between the various ships. The overzll mean difference
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- Fig. 1: Mean water vapor content in each atmospheric layer
calculated for each data set in JASIN. (The names following
the symbols belong to the meteorological ships.)
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- Fig. 2: Integrated water vapor comparisons - SMMR Wentz
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of 1.2 + 1.6 kg w? compares well with the accuracy of the radiosonde
determinations which had been estimated at worst as *3 kg/nz.

4.2 Tropical Area Evaluation of Integrated Water Vapor at the SEASAT-
JASIN Workshop

The Wentz algorithm determinations were tested on a new, in-
dependent data set from tropical islands and W/S TANGO, After
elimination of incomplete radiosonde ascents and cases with differ-
ences between radiosonde and overpass times much greater than 3
hours, ten comparisons remain. Three of these are for the radio-
sonde station on the island of Guam, whose area is 541 kmZ2. This
is large compared to the footprint of the SMMR, 2,900 km?. (See
discussion of land effects in SEASAT-JASIN Worksnop Report, 1980.)

Table 5 lists the results. The Guam data and the W/S TANGO
data for revolution 427 has been left out of the statistics because
of pcssible land or rain contamination. The algorithm "fit" to the
in situ data has a mean bias of 4.9 kg/mz, a 9% error.

5. LIQUID WATER AND PRECIPITATION RATE PREDICTIONS BY THE SMMR
ALGORITHMS

No direct measurements of total integrated liquid water in an
atmcspheric column and only one precipitation rate measurement is

Table 5

Precipitable Water Vapor at Tropical Stations, SEASAT-JASIN
Workshop (Wentz Algor’thm)

Wentz Radiosonde Data SMMR/Wenez
Time Algorithm Amount Minus Radiosonde
Rav No. Julfan Mo/Day Mour-Min kp/m?  Statfon Time kg/n?  xg/m’ Cowment

38 204 123 20:38 30.2 W/S Tango 24:002 29.2 1.0

65.8% | Guam® 24:002 53.0 | (11.&)»
427 207 1726 20:45 1.6 W/s Tango 14:002 56.7 23.9 Rain vithin 200 ke
distance (surrounding
SMR nuabers all
approxicately 68.5)
70,7 | Guam® 24:002 351.1 ] (1).6)*
542 216 8/4 20:yn 80.2 W/$ Tango 24:002 1.3 8.7
628 a1 /9 21:51 54.3 ¥/$S Tango 24:002 33.9 .4
63.00 | Cuame 24:002 62.2 (2.8)* Rain
028 3 8/23 21:06 63.4 Vake 24:00¢ S4.4 8.0 SR hae locally high

values by 2.0-4.0 kg/e?
62,1 Kvajeletn 24:002 3.3 5.6

6493 Majuro 24:002 8.0 6.5
Neon 59.1 339 4.9 (97) Guess and W/S Tenge /26
elininated from etatiatice
Stondard deviation 16.5 13.7 3.7

Guan (s » lacge 1sland, values probably shov land ef fects.
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available for comparisons with SEASAT's predictions. Some general
observations and qualitative evaluations can be made, however.

5.1 GOASEX I Results

An encouraging agreement between Wentz algorithm prediction of
pPrecipitation bands along a cyclonic frontal system and evaluations
of high precipitation probability from visible and infrared satellite
data was seen in the GOASEX 1 workshop (Figure 3). The elongated
rain cells are in qualitative agreement with results of the Univer-
sity of Washington CYCLES Project (e.g. Hobbs, 1979. CYCLES is a
program to study cyclonic storms as they cross the Washington coast.)
A few ships' reports near the frontal zone give corroborating evi-
dence that SMMR can identify frontal precipitation.

The liquid water content calculations had a bias at the time
of GOASEX I and gave unintelligible results.

5.2 JASIN Area Evaluations of Liguid Water and Precipitation Rate

The precipitation which occurred in JASIN was typically very
light. Of the 30 SMMR revolutions, only a few show coincidence
between reported precipitation at the ships and by SMMR, viz.,
revolutions 355, 432, 929, and 1006. These cases are listed in
Table 6. During these revolutions, the rain appears to have been
of the type called "widespread” with several ships reporting some
form of precipitation. For this situation the Wentz algorithm pre-
dicts the rain occurrence very well. 1In one case, a measurement of
the rain rate was available. From the R/V JOHN MURRAY rain gauge
measurements between 20:00Z and 21:00Z on July 21, we can estimate
a rain rate of 0.2 mm/h. Wentz algorithm calculates 0.0 to 0.2 mm/h
at the footprints surrounding this ship location.

There are several occasions when ships report light rain or
showers close to the time of the overpass, viz., revolutions 547,
556, 530, 597 and the series on August 21 and 24 (791, 834, and 843)
and the algorithm does not predict rain. For these last three re-
volutions the ships report showers, and the Wentz algorithm gives
liquid water contents of 0.04, 0.08, 0.10 kg/mz, etc., which are
all less than the threshold value of 0.5 kg/m2 used to infer rain.
With showery precipitation the footprints of the SMMR would not be
filled with the heavy concentrations of liquid water associated with
the convective cloud elements producing the showers. This is an
inherent limitation of the SMMR resolution, and is not dependent on
the algorithm. An interesting case was found where SMMR shows
centers of high liquid water and high water vapcr content and some
ships report thunderstorms while the SEASAT scatterometer wind
determinations did not agree with ship measurements within the
typical accuracy (Guymer et al, 1981).
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Fig. 3: Rain rate for rev 1212 obtained with the Wentz
algorithm with superimposed ship observations. Note the
report from R/V OCEANOGRAPHER at 48.7°N, 133.5°W, whic<h
reports rain in sight and rain in the previous 3 hours.
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Table 6

Rain Rate and Liquid Water Algorithms for Wilheit and Wentz at Ship
Locations Reporting Precipitation in the JASIN Experiment. The
Accowpanying Sketch of the JASIN Meteorological Triangle Shows
Designations of Ship Locations Found Under the Location Column

-~ "t
Corresponding Ship and
Triangle lLocations
3
location The stations below tepoTt
Wilhette Vents of precipitation in the WM
Liquid Liquid satellite code wW or as commente

Rev Time Mater Rain Mater Main  observ. at a time mear sstellite
Bev #  Mo/Day/Nr Ng/e?  am/wr  hg/a? wn/he end ship. overpase®.

3 1/21/20 1.00 1.10 1.20 1.00 (1] METIOR Y
(3} 21108 0.4 0.10 0.7 0.00 (ne) NECLA 60¢
0.40 0.10 031 0.00 3 nETEOR 606
0.49 0.00 0.44 0.00 (£ )] TYDRMAN 012,9%
%) 8/4/06 0.724 0.00 0.20 0.00 (ng) JOMM MURRAY 405
0.29 ¢.10 0.24 0.00
334 8/4/22 0.14 0.00 0.20 0.00 (£9] CHALLENCER 426
%0 8/7/08 0.1 - 0.0% 0.00 (W) CARDLINE ENDURER showers
399 8/1/22 0.16 - 0.14 0.00 8 DiscoveRry
(3} 8/10/00 1.13 0.9 1.91  1.40 Mo surface resorte of precipitation
1.19 0.70 .9 1.20
0.93 0.40 1.0 ro70
2 8/10/22 0.43 0.20 0. 0.00 ATLANTLS 40)
Vest of Seasat Path SMACKEL TON 26
[ 313 8/13/07 0.60 0.2y 0.¢0 0.30 s SHACKELTON/MECLA 622
0.91 0.20 0.% 0.6 [$)]
ne 8/18/07 0.4¢ 0.10 0.4% 0.00 (W)
40 8/18/07 0.33 0.20 2.0 0.00 fouth of JASIN srea
6.90 .00 0.70 0.3 ~30°N
0.86 0.9 0.99 o0.70 350°2
1.1% 0.00 1.16 1.10
91 /21101 0.0 0.00 0.0 0.00 {C) JOHN MURRAY shovere
0.10 0.00 0.08 0.00 (£)] PLANET shovers
04 8/24/07 0.04 0.00 0.06 0.00 {C) JOUN MURRAY shovers
0.02 0.00 0.04 0.00 (W) CAADLINE ENDURER showers
0.08 0.00 0.08 0.00 ) SWACKELTON faters. reta
%) 8/24/2) 0.00 0.00 0.00 0.00 ) SRACKELTON
7 8/30/2) 0.4 0.3 0.6 0.1% () NECLA (3]
0.70 0.3 0.70 0.3 (ng) nEcLA
9% 9/1/26 0.08 0.00 0.16 0.00 METR0R (232) 30%
0.0¢ 0.00 0.03 0.00 - Position (282) 013
0.01 0.00 0.12  0.00 - above (%)
0.01 0.00 0.3 0.00
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From the data collected in Table 6, an intercomparison in the
JASIN area of the Wentz and Wilheit 1iquid water algorithms can be
made. It reveals a nonlinear relationship for values less than 1.2
kg/l2 (Figure 4). An intercomparison of the rain algorithms suggests
a linear relationship between the two with a standard deviation of
less than 0.3 mm/h (Figure 5).

5.3 Tropica! Area Liquid Water and Precipitation Rate Algorithm
Intercomparison

Since any comparison data for either l1iquid water or precipi-
tation rate was unavailable in the tropical areas, an intercompariscn
of the determinations of these quantities by the Wentz and Wilheit
algorithms was made. As seen in Figure 6, a relationship between
the liquid water algorithms exists for values below 1.2 kg/m. This
is similar to the relationship in the JASIN area, except that the
intercept is not zero. Above 1.2 kg/m the correlation breaks down.
(Data affected by land have not been identiifed in this correlation.)

The Wentz and Wilheit rain algorithms show a large amount of
scatter in their correlation (Figure 7). Wilheit values are typi-
cally larger and give in some cases between 0.1 and 1.5 mm/h of rain
rate where the Wentz algorithm predicts zero rain rate. This indi-
cates that the algorithm may not yet be depended on to flag regions
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Fig. 4: Wentz versus Wilheit 1iquid water estimates in JASIN.
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widespread rain. 791...958 had shower type precipitation.

where other parameter determinations might be compromised by rain in
the field of view.

6. CONCLUSIONS

The integrated water vapor values retrieved with SEASAT SMMR
algorithms are as accurate in midlatitudes as integrations of radio-
sonde data and more representative. When care {s taken in selecting
data pairs for intercomparisons in the tropics, the Wentz algorithm
agrees within 10% with a limited number of radiosondes. The large
areal coverage by SMMR is already contributing to a better scientific
understanding of the water vapor content and structure of frontal
systems aftecting the JASIN experiment, particularly since it extends
beyond the small meteorological triangle (Taylor et al, 1981).
Further, being biased to lower atmospheric levels (Figure 1), the
integrated water vapor is a better indicator of surface frontal

position, which muy be obscured by high clouds in visible and infra-
red images.
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The integrated 1iquid water and rain rate values provided by
SMMR are essentially unproven to date. These data provide infor-
mation decp within a synoptic system, but emphasize different
levels tiian the integrated water vapor. The qualitative picture,
vhich emerges from the GOASEX and JASIN plots, is consistent with
other observations and quite exciting. The presence of 1iquid water
indicates release of latent heat, vertical motion, and therefore
convergence and divergence (e.g. Matejkas et al, 1978), which may be
used as dynamical input to atmospheric mudels. The two main algo-
rithms are in poor agreement on absolute values of liquid water
content and rain rate, which indicates that much work is needed in
this area. Because of the small horizontal scale of many types of
cloudiness and precipitation, greater scientific contributions are
expected from the future LAMR (Large Antenna Multichannel Microwave
Radiometer), whose resolution will be of the order of 10 km for the
atmospheric water related parameters.
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Determinations by Seasat of
atmospheric water and synoptic fronts
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The Seasat Scamning Multichanael Microwave Radiometer
(SMMR)'? determined the total stmospheric water vapour, ¢
over 600-km wide swaths with a resolution of S4 km. Using
radiceonde data from the Joint Air-Ses Interaction experiment,
JASIN?, we show here that the SMMR 4, distributions can be
used to detect the

of trontal cloud. Advantages of the SMMR over previous
passive microwave lnstruments on satellites such as Nimbus $
and 6 (refs 4-9) are: the wee of mere channels, allowing better
discrimination between the efiects of liquid water, water vapour
snd ses state; and improved spatial resolution. The SMMR
perfermance hos been evalusted ot several workshops'* ‘. Our
results'’ shew thet the SMMR ¢, determinations have similar
sccurscy 1o in situ radicsonde messurements.

SMMR (kg m~?)

A 'l

y

4
] 30

A
60
RS (kgm-?)

Pg. 1 Comparison of integrated stmospheric water vapour q, 86

measured by the SMMR and by radicsondes. x, JASIN values; @,

tropical soundings. e indicates tropical soundings for which SMMR

values may be 100 high due 10 the island of Gusm being within the

fleld of view. b, SMMR values may have been affecied by heavy
rain.

Independently evaluated SMMR and radiosonde estimates of
q. were compared at the Seasat-JASIN Workshop'® (Fig. 1).
The SMMR results were evaluated using the Wentz algorithm'®,
the' nearest grid values being lincarly interpolated to the
udlol.onde launch position. Radiosonde data from the JASIN
experiment, conducted in the North Atlantic (60°N, 12 °W)
during July to September 1978°, are shown. Specially calibrated
fast sampling radiceondes were used and comparisons restricted
to flights launched within +2 h of Seasat overpass time. Esti-
mated accuracy of the radiosonde g, value was ~+1.7 kgm?
(ref. 13). The mean difference, SMMR minus radiosonde, was
1.2+ 1.6kgm™>. To provide comparison at higher q, values

Pressure (mbar)

4 A L ] d - 1 |

0 2 4 6
Atmospheric water vapour content (kg m-?)

Pig. 2 Mean atmospheric water vapour content of 100-mbar

layers during JASIN. Solid line shows the mean value and the

dashed line the standard deviation of individual observations for
some 200 radiosonde flights of which 110 reached 400 mbar.

radiosonde flights from tropical islands and weather ship Tango
are also plotted. These are standard synoptic ascents within 3 h
of overpass time. Estimates of g, cannot be obtained over land
and the tropical island of Guam, being significant in size
compared with the SMMR resolution, may have affected the
data for three flights marked. One comparison may be affected
by local heavy rain. Eliminating these flights the mean difference
is 4.9 3.7 kg m*. Radiosonde errors would be expected to be
greater in these ascents and, as for JASIN, the actual error due
to the SMMR is not known. However, changes to the SMMR
evaluation procedures following the Seasat-JASIN workshop
have shown reduced biases'.

The SMMR also provided liquid water and rain rate esti-
mates; however, no quantitative evaluation was possible
because of the difficulty of obtaining reliable in situ measure-
ments. The horizontal varistion of liquid water content was




Fig. 3 NOAA 5 IR satellite photcgraph at 10.37GMT on §
September 1978 showing a front stretching from lIreland and
Scotland (lower left) to Icefand supper right). SMMR derived
values of g, are shown in kgm™°. The dashed line marks the
maximum in these values. (Photograph: University of Dundee.)

qualitatively consistent with the meteorological conditions (see
ref. 16). For JASIN, SMMR indicated rain when precipitation
was ‘widespread'—reported by several JASIN ships. Light scat-
tered showers were not detected probably because such showers
have horizontal dimensions very much less than the SMMR
resolution. Although difficult to obtain'’, quantitative deter-
mination of rainfall would have obvious meteorological value.
Rain detection is also needed to flag doubtful g, values (Fig. 1).
However, two different rain rate algorithms used in SMMR
evaluation gave different quantitative results showing that much
more work is needed on this variable.

The accurate horizontal distributions of q, provided by
SMMR are useful not only for the calculation of atmospheric
water budgets'®, but also for determining the position of synop-
tic scale fronts in the lower troposphere. To demonstrate this we
need to consider the vertical distribution of water vapour in the
atmosphere. Figure 2 shows the mean water vapour content of
each 100-mbar atmospheric layer for the whole of the JASIN
experiment. The water vapour content falls rapidly with
decreasing pressure and temperature, ~80% of the total occur-
ring in the lowest 250 mbar. In contrast the variability of water
vapour content is a maximum not at the surface but in the
900-800 mbar layer, and decreases less rapidly, 0% of the
variation being spread over the lowest 400 mbar. Thus for this
mid-latitude area, although the surface boundary layer is typic-
ally 1-2 km deep and contains much of the water vapour, the
variability of g, is not dominated by boundary layer processes
but reflects changes in humidity at levels up to § km. Synoptic
scale fronts cause moistening at these levels and hence result in
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Fig. 4 a, Time-height atmospheric cross-section showing the
variation of specific humidity with the passage of a warm front.
Values shown are 2 g per kg (dotted), 4-6 g per kg (wide diagon-
als), 6-8g perkg (close diagonals), above 8g perkg (cross-
hatched). The section is based on 31 radiosonde flights at the times
marked at the top. The dashed line marks the approximate region
of the frontal surface. b, Values of q, from the radiosonde data
(solid line), SMMR (W) and SMMR q, distribution at 07.30 GMT on
24 August. The moist air ascending the front results in an increase
in q, with time to a maximum at about the time of surface frontal
passage. Following the front there is a decrease to the warm air
boundary layer value. .

significant variations of q,. For example, Fig. 3 showsaNOAA §
satellite IR image in which an occluded front is marked by a
250-km wide band of cirrus which masks any lower level clouds.
The variation of q, measured by SMMR showed a strong maxi-
mum associated with the front, marked in Fig. 3 by the broken
line. The position of this maximum was well defined to within the
$54-km SMMR resolution, except in one area where a more
complicated frontal structure was indicated.

The actual position of the surface front relative to the g,
maximum will vary from case to case. As an example Fiz. 4a
shows a radiosonde derived time-height cross-section of specific
humidity during the passage of a warm front. Although the front
was a significant feature of the radiosonde data, lack of frontal
cloud prevented its detection in visible or IR satellite images.
The corresponding variation of g, is shown in Fig. 4. SMMR
values are in reasonable agreement with the radioson.¢ values.
A difference on the 26 August was probably caused by larger
values of g, occurring just outside the JASIN area but within the
SMMR resolution cell. Radiosonde nbservations from other
JASIN ships show that the front propagated through the area
with little change in structure and hence the SMMR horizontal g,
distribution for 07.30 GMT on 24 August has been transformed

e e e

T P




to the time variation shown by the dashed line in Fig. 4. Both
radiosondes and SMMR show that, in spite of a marked reduc-
tion in boundary layer height, there was a gradual increase of g,
with the approach of the front. The surface passage of the front
was marked by a sharp decrease of g, to the warm air boundary
layer value. By mapping these g, variations in the SMMR data
from several Seasat oroits the changing position and alignment
of the front have been determined more precisely than was
possible using the conventional meteorological observations.

Detection of synoptic fronts in the lower troposphere using
SMMR g, measurements offers an important new aid for
meteorological analysis which is already proving valuable in the
interpretation of the JASIN data.
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Abstract

The Seasat Scanning Multichannel Microwave Radiometer
(SMMR) provided determinations of total atmospheric water
vapour q, and liquid water 9 and estimates of rain rate. %
During the life of Sezsat the Joint Air Sea Interaction
_ Experiment, JASIN, took place in the North Atlantic. JASIN
radiosonde data show that variaticns in q, and q; reflect
changes of structure in the first 500mb of the atmosphere.
For JASIN q, nad values between 10 and 30 kg/m? and varied -#
by 15 kg/m? for a given neéar surface humidity value, hernce
surface humidity was a pcor predictor of 3,+ Compariscns
show that the SMMR measures q, at least as accurately as
the JASIN radiosondes. SMMR q; and rain rate values are in
qualitative agreement with JASIN observations. Quantitative
evaluation is hampered by lack of independent measurements;
for those few cumparisons which can be made, agreement is
good.,
Examples are given of the use of SMMR data irn the
detection of atmospheric fronts, the mapping of areas of
widespread rainfall, and the detection of a mesoscale

thunderstorm area., The SMMR is shown to be a valuable re-

search tool contributing to the analysis of the JASIN data.
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1. Introduction

Scasat, the first oceanographic satellite using micro-
wave sensors, was launched on 28 June 1978 and failed on 10
October 1978. The satellite (Born, Dunne & Lame, 1979)
carried five instruments including a Scanning Multichannel
Microwave Radiometer, SMMR (Njoku, Stacey & Bara£h, 1980)
a similar instrument to that currently in operation on Nimbus
7. The‘SMMR measured microwave radiation from the earth at
five frequencies between 6.6 and 37 GHz for both vertical and
horizontal polarizations (Table 1). This allows estimation
of sea surface temperature and wind speed; and atmospheric
water vapour, liquid water and rain rate (Wilheit, 1578;
Wilheit, Chang & Milman, 1980). This vaper will consider the
last three variables which represent major components of the
atmospheric water budget,

Passive microvave radiometry has been praviously used
to measure atmospheric water from satellites such as Nimbus
5 and Nimbus 6. Both the Nimbus 5 Microwave Spectrometer,
NEMS (Staelin, Kunzi, Pettyjohn, Poon, Wilcox & Waters, 1976),
and the Scanning Microwave Spectrometer, SCAMS (Rozenkranz,
Staelin & Grody, 1978), used a 22 GHz water vapour channel and
31 Giz window channel for atmospheric water vapour determina-
tions (e.g. Viezee, Davis & Wolf, 1978; Liou & Duff, 1979).
Electrically Scanning Microwave Radiometers, ESMR, carried on
&imbus 5 (Allison, Rodgers, Wilheit & Fett, 1974; Wwilneit,
Chang, Rao, Rodgers & Theon, 1977) and Nimbus 6 (Rodgers,
Siddalingaiah, Chang & Wilheit, 1979) were designed to map

rainfall areas. The advantages of the SMMR over these previous

instruments arc the incorporation of additional channels to
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allow better discrimination between the effects of liquid,
water, water vapour and sea state and improved s; atial
resolution (Takle 1),

Seasat was an experimental satellite and the perfor-
mance of the sensors has required validation by comparison
with in situ measurements. For the SMMR the Gulf of Alaska
Experiment, GOASEX, was designed for this purpose. The
results have bean evaluated at a number of workshops and
reported in GOASEX I Report (1979), Lipes et al. (1979),
SMMR-Mini I Report (1979), SMMR-Mini II Report 1979 and
GOASEX II Report (1980)., The results for atmospheric water
are summarized by Katsaros, Taylor, Alishouse and Lipes
(1981) .

During the life of Seasat a la;ge, independently
organized field experiment, the“quﬁt Air Sea Interaction
experiment, JASIN (Royal Society, 1979) took place in the
North Atlantic Ocean. Comparisons of Seasat data and JASIN
measurements are reported in the Seasat-JASIN Report (1980)
and SMMR-Mini ITI Report (1980). The JASIN radiosonde data
has been particularly valuable in evaluating the SMMR
atmospheric water determinations (Katsaros et al., 1981).

The aim of the present paper is to demonstrate the value
of SMMR derived atmospheric water distributions for scientific
analysis of atmospheric structure by presenting examples from
the JASIN experiment. SMMR data will be used to detect the
position of atmospheric fronts, to map rainfall regions, and
in the détection of mesoscale features. However, first it
will be necessary to consider how two quantities measured by

SMMR, the total atmospheric water vapour content q, and the

total liquid water content q; relate to the vertical structure
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of the atmosphere and to consider the accuracy of the SMMR

measurements of these quantities.

2. Radiosonde and SMMR determinations of atmospheric water

2.1 The JASIN radiosonde observations

During JASIN radiosonde ascents were released from three
ships which formed a triangle of approximately 200km sides
centred at about 59¥°N, 125°0 in the North Rockall Trough
region of the North Atlantic. The ships were on station
betwean 23rd July and 8th August and 22nd August to 4th
September, 1978, During certain periods a fourth radiosonde
ship was positioned at the triangle centre. Radiosondes
were released from each ship at intervals of at most six
hours and at approximately hourly intervals during the day-
light hours of chosen intensive days. VIZ 1220 and 1223
radiosondes were used with factory calikrated "premium”
sensors of U.S. National Weather Service type sambled every
0.8 seconds. The resulting data set provides a uniquely
detailed description of the troposphere at a midlatitude .open
ocean site during a summer time period. The data will be
used to show the variability of the observed atmospheric
water amounts and to provide comparisons with tAe SMMR
measurements.

2.2 Atmospheric water vapcur variations

The variability of the integrated atmospheric water
vapour content q, during JASIN has been summarized by Taylor,
Katsaros & Lipes (1981) but will be discussed here in more
detail. Figure 1 shows mean valucs of q, for 5mb layers for
all the JASIN radiosondc flights evaluated to date, ahout

600 ascents, As is well known,the decrease of temperature

with height results in a rapid decrease of q,} some 80% of
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q, occurring in the range p* = 0 to p* = 250mb where
P* = Py = Py

with Po the surface pressure and pj the pressure at the
level of interest. 1In contrast the standard deviation of
q, for each S5mb layer is a maximum not at the surface but
in the p* range 120mb to 230mb. This is due to the relative
uniformitf of the surface boundary layer and the large
fluctuations in q, for those layers which are sometimes
within the boundary layer and at other times within the
drier air above. The standard deviation remains comparable
to the surface value to about p* = 550mb and 80% of the
variation is spread over the p* range 0 to 400mb. Thus
despite the maximum of q, a; the surface, variations of q,
may reflect changes in at least the first 500mb of the
atmosphere.

An important consequence of the above is that the use
of surface humidity measurements together with a standard
model atmosphere to calculate the moist tropospheric radio
range correction for satellite radar altimeter measurements
(e.g. Saastamoinen, 1971) is subject to significant error.
This is demonstrated by Figure 2 which shows the JASIN radio-
sonde q, values plotted against the observed near gurface
specific humidity. The dashed lines represent limits within
which the points may, a priori, be expected to lie. The right
hand cutoff simply represents 100% near surface relative
humidity for the mean observed air temperature, points to the
right represent higher air temperatures. The sloping dashed
lines have been calculated using a simple model atmospgere.
This contains a surface boundary layer in which the surface

specific humidity and potentiél temperature are constant with

height (i.e. well mixed) until saturation is reached at the
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lifting condensation level (LCL). Above the iCL, 10C%
humidity and constant equivalent potential temperature are
assumed.until a specified inversion height pg. above -~hich
a mean JASIN temperature profile and constant relative
humidity are assumed. The lower dashed line represents a
boundary layer to pg_ = 100mb and 20% relative humidity
above (or equivalently pa. = 170mb and 10% above). This

is approximately the minimum q, model for JASIN. The

upper dashed line represents PE. = Omb, that is 100%
relative humidity from the LCL upwards. The observed points
however are not bounded by this line but lie beneath the
sloping chain line which has been taken nominally to be pi =
120mb and a relative humidity above the boundary layer equal
to the near surface value. The inference is that drier air
does not occur at the surface witho&t drier air being pre-
sent above the boundary layeé. The final bounding line, the
left hand vertical chain line, represents surface humidity
of 65% the lowest values observed during JASIN,

The variation of a, with near surface humidity is
therefore more limited than might be expected, particularly
for lower values of the latter. However, the maximum range,
at near saturation surface values, was 15kg/m’. This would
represent an error of about llcm in a radar altimgtet measure-
ment, a significant error in detecting the sea surface slope

associated with ocean currents by satellite altimetry.

2.3 Comparison of SMMR and radiosonde q, measuremen:s.
The comparison of SMMR and radiosonde determinations of
q, at the Seasat JASIN workshop has been reported by Katsaros

et al. (1980) and Taylor et al. (19681) and will only be

-

summarizcd herc. Figure 3 shovs comparisons for JASIN ascents

e

4
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(crosses) and tropical soundings (circles). For JASIN the mean
difference, SMMR minus radiosohde, was 1.2 + 1.6kqg/m? which
compares very favourably with the estimatcd\éccuracy of the
radiosondes of + 1.7kg/m?.

In the tropics radiosonde errors would be expected to
be greater, and, after elimination of values contaminated by
land effects or, in one case, heavy rain, the mean difference
was 4.9 + 3,7kg/m?. Changes in the SMMR evaluation procedures
following the Seasat-JASIN workshop have removed this bias
(SMMR-Mini IIX, 1980), and it appears that SMMR can measure
atmospheric water vapour at least as accurately as radiosonde
ascents,

2.4 Radiosonde determinations of liquid water,

Radiosondes do not measure ligquid water and the only
direct measurements available for-J@SiN were obtained by air-
craft equipped with Johnson-Williams type instruments.(Slingo,
Nicholls & Schmetz, 1981). These measurements ware limited
in space and time and in order to attempt to provide compari-
sons with Seasat estimates an attempt has been made to extend
the data by inferring liquid water content from the radiosonde
flights. Fortunately Slingo et al. 1981 show that, foi the
marine stratocumulus layer which frequently occurred during
JASIN, the liquid water content was very close to that calculated
Ly adiabatic ascent of a parcel of air from cloud base. The
levei at which the radioscnde balloon was observed to enter
cloud was noted during JASIN and hence, for stratocumulus, the

specific liquid water content Q1 is given by

Q = Qcp - 04

where Qcp and Qj represent the specific humidity at cloud base
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and at the level of interest. The total liquid water content
is therefore obtained by integrating between cloud base and
the cloud top. For the JASIN radiosondes the mean relative
humidity at cloud entry was 98 + 3% and a fall to 95% or

less was arbitarily chosen as marking cloud top. This gave
good agreement with the aircraft measurements where these
were available. Upper cloud layers were assumed if the
relative humidity rose above 98%, extending until valiues

less than 95% were encountered, and the calculations were
performed for all ascents irrespective of cloud type;

the juétification for the latter being to attempt to make some
estimate of 9, however approximate.

The resulting radiosonde derived liquid water data is
represented in Figure 4. The continuous line shows the
number of ascents reporting "cloud” ;t each level from a
total of about 600 ascents of which all but 50 reached 500mb.
The maximum occurs just below the maximum variation of q,
(Figure 1), that is below the mean boundary layer top. The
dashed line shows the mean 1liquid water content for each
Smb layer where the mean is taken over only those ascents

reporting liquid water at that level. This increases

through the boundary layer and then remains high as long

as "clouds" are present. This behaviour probably reflects

the adiabatic assumption used as much as the real atmospheric
distribution, however it does suggest that all layers to 500mb
could make a significant contribution to liquid water content.
The dotted line shows thc number of ascents reporting cloud

if only the lowest cloud layer, that which the balloon was
observed to enter, is included. The liquid water content

(not shown) was similar to that for all layers excupt that

the cutoff was at about p* = 300mb,
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2.5 SMMR determinations of liquid water

Katsaros et al. (1981) present comparisons of two
different algorithms used in evaluating the SMMR data. For
JASIN the agreement was within about 0.06kg/m? for q less
than lkg/m?. For higher g, values and in the tropics
agreement was less good with the Wentz algorithm (GOASEX I
Report, 1979) giving higher values than that of Wilheit
(Wilheit & Chang, 1979). Under certain circumstances both
algorithms exhibited negative v:zlues suggesting a bias,
(SMMR-Mini III, 1980) however this was not evident in the
Wentz determination for the JASIN area which will be used
in this report.

2,6 Comparison of SMMR and Radiosonde q values.

A comparison of SMMR q, measurements and in situ
estimates is shown in Figure 5. The SMMR values represent
the mean liguid water content for all passes on a given day
for the area 58.5°N to 61°N and 9°W to 16°W. The radiosonde
values represent the mean for all flights on a given day for
all of the ships, different symbols indicating the magnitude
of the standard deviation between the.three ships. Soliad
symbols represent those days on which a relatively uniform
stratocumulus layer covered the area. The aircraft measured
values are shown by squares. That shown in parentheses was
derived from a single profile (S. Nicholls, personal com-
munication), the other being a mean of several profiles
(Slingo et al. 1981). For both aircraft measurements there
wag a uniform stratocumulus cover. The figure shows that
for q, less than 0.2kg/m* thc standard deviation of the

radiosonde values was small and the agreement with SMMR was

good, particulorly for the stratocumulus cases. At higher
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q, values the radiosondes showed high variability and tended
to overestimate compared to SMMR. This would be expacted,
both because the adiabatic assumption is less likely to hold
for deeper cloud layers, and because of the assumption that
a higher cloud layer always occurred when over 98% relative
humidity was observed. Figure 6 shows the comparison if
only the first, observed, cloud layer is allowed. The
standard deviation of many of the radiosonde values is de-
creased and more cases are in agreement with the SMMR. There
is a possible tendency for phe radiosondes to underestimate
for the non-stratocumulus low q; days (open circles). This
again is reasonable since these represent bréken small
cumulus cloud cover which is badly sampled by the radiosondcs.

In summary, for those cases where the radiosonde liquid
water measurements should be reli§bie agreement with SMMR is
good. For the other cases the differences between SMMR and
radiosondes are physically reasonable. The comparison further
emphasises the difficulty of obtaining liquid water data by
means other than microwave radiometry.

2.7 SMMR measurements of rain rate.

SMMR rain rate decterminations are discussed by Katsaros
et al. (1981) and SMMR-Mini III (1980). For JASIN the Wentz
and Wilheit algorithms (section 2.5) showed a scatter of about
0.5mm/hr in rain rate. For the tropics the scatter was much
greater. The Wilheit algorithm predicted rain for more cases
thar did the Wentz. Qualitatively, for JASIN, SMMR predicfed
rain when precipitation was "widespread", i.e. reported by
several JASIN ships. Light scattered showers, with horizontal
dimecns..ons very much less than the SMMR resolution, were not

detected. Lack of surface truth has prevented a guantitative

comparison, however scction 3.2 below presents a single example
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in which SMMR &nd ship measured rain rates were in reason-
able agreement.

3. Examples of SMMR atmospheric water distributions for the

JASIN area.

3.1 The detection of atmospheric fronts.

Taylor et al. (1981) have shown that the position of
atmospheric fronts could be detected by SMMR on occasions
where lack of distinct cloud structures made detection by
visible or infra-red imagery difficult. Figure 7, taken
from their paper is a time height cross-section showing the
variﬁtion of srecific humidity with the passage of the warm
front based on radiosonds ascents from the ship Endurer at
the northwest corner of the JASIN triangle. The values of
q, for the 31 radiosonde flights used is shown in the lower
part of the figure. The ascendigg warm moist air results in
an increase of qQ, to a maximum at about the time of frontai
passage. There is then a sharp fall to the warm air boundary
layer value. It is now possible to superimpose SMMR valucs
on the figure (square symbols). These show good agreement
with the radiosondes except on the 26th. The disagreement
at this time is probably due to strong gradients of q, hear
the JASIN area and within the SMMR resolution cell.

Figure 8 shows the SMMR qy distribution at 0730 gmt
24th August 1978, that is near the start of the period shown
in Figure 7, superimposed on the NOAA 5 VHRR infra-red image
fér 1138 gmt. Values of q, measured by the JASIN radiosonde
ship triangle (shown in boxes) are in good agreement with the
SMMR data. The JASIN radiosonde observations indicate little
change in the frontal structure with time. Hence the hori- 1

zontal distribution in Figure 8 can be transformed into a

time variation of q, at Endurer using the appropriate
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propagation speed, taken as 2 m/s toward 005°. The resulting
time variation of q, is shown by the dashed line in the lower
part of Figure 7 and agrees reasonabiy with the radiosonde
values.

Thus the surface frontal position has been marked on
Figure 8 by reference to the SMMR q, distribution and the
frontal movement has been calculated using succeeding SMMR
passes. This was not possible using visible and infra-red
imagery because of the lack of any distinct cloud band
associated with the front (Figﬁre 8). Nor was the frontal
position detectable in the standard synoptic surface data
and the front was shown as discontinuous in the U.K.
Metecrological Office analysis. Frontal detection by SMMR
will conzilerably aid interpretation of the JASIN radiosonde
data.

3.2 Detection of rainfall areas.

During the evening or 30th August 1978 an occluding
frontal system passed over the JASIN area. SMMR rainfall
rates measured at 2311 gmt are shown in Figure 9 superimposed
on the NOAA 5 VHRR Infra-Red image from 2030 gmt. The
approximate positions of the surface fronts were marked by
reference to the VHRR and SMMR data and corresponds approxi-
mately to the U.K. Meteorological Office analysis except that the
latter placed the occlusion point about 100km to the West.

. The SMMR d, and q distributions are shown in Figure 10.
The warm air sector ahead of the cold front had q, values
greater than 3 kg/m? compared to a minimum in the cold air
to the cast of the frontal system of less than 12kg/m?.
Liquid water content was generally less than 0.2kg/m?

c«xcept in the oc~lusion point region where a large area

had q; grcater than 0.6kg/m’ with a maximum of over 0.8kg/m’.
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The area of.over 0.4mm/hour rain is shaded. The figure may
be interpreted in terms of the ascent of warm moist air in
the occlusion region with condensation to liquid water and
the production of rain.

The SMMR data on the 30th and 31st suggeséed that the
main rain area moved at 12m/s towards 110°. Using these
values rain would be predicted at HMS Hecla at the northeast
corner of the JASIN trianglc between 1600 and 2300 gmt Qith
a mean SMMR rain rate of 0.4mm/hour. Figure 11 shows the
rainfall as measured at HMS Hecla. Rain occurred between
1600 and 2400 gmt with a mean of 0. 7mm/hour. Considering
the difficulty of making accurate shipboard meésurements of
rainfall this is in reasonable agreement with the SMMR.

Quantitative rainfall measurements were not available
from the other JASIN ships,howevg£ Figure lf\shows the pre-
sent weather types, reported in standard meteorological
code, plotted in a frame of reference moving with the SMMR
rain area. Observations of rain generally lie within the
0.2mm/hour SMMR contour while SMMR values between 0.1 and
0.2mm/hour correspond to drizzle. However, the distinctions
hetween moderate and slight rain and whether intermittent
or continuous do not correspond with SMMR rain rate values.

This example shows that the SMMR rainfall rates can
be used to map areas of widespread rain over the ocean.

It is hoped to use the SMMR data quantitatively to estimate
total rainfall amounts and latent heat release in the
occlusion point region, however this awaits a complete
trajectory analysis for the situation.

3.3 Mesoscale features

The SMMR can resolve atmospheric structures having
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length scales of 100km and upwards and the last example
shows the detection of a thunderstorm area on 4th August
1978. This feature was detected by several of the Seasat
sensors and has been discussed in more detail by Guymer,
Businger, Jones & Stewart (1981). Figure 13 shows the
synoptic situation at about 2100'gmt. A near stationary
cold front lay to the southwest while a cold occluded front
moved southwestward through the JASIN area at about Sm/s.
Radiosonde ascents showed that between these fronts
boundary layer convection was prevented from penetrating
above about 2km height by a strong temperature inversion
with marked the warm front surface of the occlusion. The
air above this inversion was potentially unstable and
could support deep convection extending from 2 to 6km if
lifted by a small amount. The SMMR derived d, and q,
distributions are shown in Figure 14. There was a region
of high i between the fronts with low values in the

cold air sectors. A maximum in 9, occurred at the cold
front presumably indicating ascent of the warm air over
the frontal surface. Maxima in q, and q; occurred to the
southeast of the JASIN area at a position marked by deep
convective cloud in the NOAA 5 VHRR and Seasat Visible
and Infra-Red Radiometer imagery. Assuming that this
feature was steered with the mid-tropospheric flow

. (Newton & Katz, 1958), it would have passed over the
southern part of the JASIN triangle at about 2330 gmt.
Three of the JASIN ships in that rcgion reported thunder-

storm activity between 2100 gmt and midnight,

Thus a mesoscale region of midlevel thunderstorm
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A activity was detected in the SMMR data as a maximum in q,
and q,- Despite the deep convection the ships reported
litéle precipitation at the surface during the period and
SMMR indicated zero rain rate over the area.

4. Summary

For a midlatitude deep ocean area variations in
integrated water vapour, qv,-and liquid water, q) reflect
changes in the structure of the lower 500mb of the
atmosphere. Surface humidity is a poor prediction of q,
however SMMR measurements of q, are at least as accurate
as radiosonde values. SMMR values of q, agree with radio-
sonde estimates for uniform marine stratocumulus cloud
cover. For other cases the SMMR estimates appear reason-
able but lack independent conf .rmation. Similarly for
rain rate the SMMR estimates appear qualitatively correct
and quantitatively reasonable for cases of widespread
rainfall however good independer: measurements are lacking.
This was demonstrated for the ascent of the warm air at
an occlusion.

SMMR derived . distributions may be used to position
synoptic scale fronts even in cases where this is not
possible from visible or infra-red imagery. A mesoscale
region of midleve' t. 1derstorm activity was detected in
the SMMR data as na:uma in q, and q-

The examples which have been shown }epresent the
first stages in the use of SMMR mcasuremen;s in analysis
of the JASIN data. The JASIN radiosondes, JASIN surface

observations and SMMR measurements are complementary data

gets with which it is hoped to improve our understanding
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of the midlatitude atmosphere over the ocean. Despite its
short life the Seasat SMMR has graduated from a sensor

validation project to an actively used research tool.
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Frequency Wavelength Retrieval Grid Principal Predicted
Giz an Jm x km Quantity
6.6 4.6 150 x 150 Sea surface temperature
10.7 2.8 85 x 85 Wind speed
18.0 1.7 54 x 54 Precipitation rate (18H),
Water vapour, liquid
water

21.0 1.4 54 x 54 Water vapour, liquid

‘ water
37.0 0.8 27 x 27 Precipitation rate (37H),

Windspeed in clear air,
Water vapour, liquid water

Tahle 1. Characteristics 6f the Seasat SMMR channels.
The retrieval grid is referred to a 3dB limit.
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FIGURE LEGENDS

Mean atmospheric water vapour content during JASIN
for 5mb layers and the standard deviation of
individual radiosonde observations for each layer.

Data was available for about 600 ascents.

Integrated atmospheric water vapour content qv
for individual radiosonde flights plotted against
the near surface specific humidity at the time of
launch. The top scale shows appfoximately the
equivalent near surface relative humidity. For

further explanation see text.

(after Taylor et al. 1981) Seasat-JASIN workshep
comparison of integrated atmospheric water vapour
q,, as measured by the SMMR and by radiosondes.
JASIN values are shown by crosses, tropical
soundings by circles. (1) - indicates tropical
soundings for which SMMR values may be too high
due to the island of Gaum being within the field

of view. (2) - SMMR values may have been affected

by heavy rain. Processing changes since the workshop

have removec the tropical data bias.

Number of radiosonde ascents for which cloud is
inferred for Smb layers of the atmosphere (full

line: multiple cloud layers; dotted line:

. first layer only). Also shown is the mean liquid

water content for cases reporting cloud in each

layer (dashed line).
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Figure 7.

Figure 8.
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Comparizon of SMMR, aircraft, and radiosonde
egtimates of total liquid -ater 9 where radio-
sonde estimates include all cloud layers.

II = Alircraft, other symbols indicate radiosonde
values with standard deviation (kg/m?) as follows:

@®,0<0. 05; V<0.1, A<0. 5 Full symbols

indicate stratocumulus cases.

As Figure 5 but radiosonde values include the

first cloud layer only.

(above) Time-height atmospheric cross-section
showing the variation of specific humidity.with
the passage of a warm front. Values shown are
2g/kg (dotted), 4 to 6 g/kg (wide diagonals),

6 to 8 g/kg (close diagonals), above 8 g/kg
(cross-hatched). The section is based on 31
radiosonde flights at the times marked at the
top of the figure. The dashed line marks the
approximate region of the frontal suxface.
(below) Values of integrated water vapour q,
from the radiosondes (full line), SMMR (squares),
and from the SMMR q, distribution at 0730 gmt
24 August (dashed line).

(Adapted from Taylor et al. 1981)

SMMR q, distribution (kg/m?) at 0730 gmt 24
August 1978 superimposed on NOAA 5 Infra-Red

image for 1138 gmt. Radiosonde 9, values are

shown in boxes. (Photo: University of Dundee).
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Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13,

Figure 14.
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SMMR rain rate values (mm/hour) at 2311 gmt
30 August 1978 superimposed on NOAA S5 Infra-
Red image for 2030 gmt. (Photo: University

of Dundee).

SMMR values of q, (full lines, kg/m?*) and qy
(dashed lines with values in boxes, kg/m?) at
2311 gmt, 30 August 1978. The region of over

0.4mm/hour rain rate is shaded.

Rainfall measurements from HMS Heéla for the

evening of 30 August 1978.

Comparison of SMMR rain rate measurements

(as Figure 9) and W.M.0. present weather codes
reported from the three JASIN ships assuming
that the rainfell area propagated at 12 m/s

toward 110°.

Synoptic chart for 2100 gmt on 4 August 1978,
full arrows show the near surface flow, open
arrowheads the middle level flow. The NOAA 5
Infra-Red image was obtained at 2010 gmt.

(Photo: University of Dundee).

SMMR distributions of q, (full lines kg/m?)

and water vapour (shading, kg/m?) for 2134 gmt.
The thunderstorm symbol marks the region of

deep convective activity. Note that the maximum
in the region of 62°N, 7% probably represents

an erroneous SMMR value due to the presence of

land (Faeroe Islands).
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Figure 1.

0-2 04 kg/m?

Specific Humidity

Mean atmospheric water vapour content during JASIN
for 5mb layers and the standard deviation of

individual radiosonde obscrvations for each layer.

Data was available for about 600 ascents.
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Figure 2. Integrated atmospheric water vapour content q,
for individual radiosonde flights plotted against
the near surface specific humidity at the time of
launch. The top scale shows approximately the

equivalent near surface relative humidity. For

further explanation see text.
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2
Radiosonde- integrated water vapour g/m

(after Taylor et al. 1981) Seasat-JASIN workshop
comparison of integrated atmospheric water vapour
q, s measured by the SMMR and by radiosondes.
JASIN values are shown by crosses, tropical
soundings by circles. 1 - indicates tropical
soundings for which SMMR values may be too high

due to the island of Gaum being within the field

. of view. 2 - SMMR values may have been affected

by heavy rain. Processing changes since the workshop

have removed the tropical data bias.
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Figure 4.

Number of radiosonde ascents for which cloud is

inferred for 5mb layers of the atmosphere (full

line: multiple cloud layers; dotted line:

first layer only). Also shown is the mean liquid

water content for cases reporting cloud in each

layer (dashed line).

) L
60 90 ]20 N # of radiosonde ascents
0'04 kg/m2 mean liquid water content
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Radiosonde columnar liquid water

06 kg/m?

Comparison of SMMR, aircraft, and radiosonde
estimates of total liquid water q; where radio-
sonde estimates include all cloud layers.

E] = Aircraft, other symbols indicate radiosonde

values with standard deviation (kg/m?) as follows:

D,0<0.05 V<o0.1, A<0. 5 Full symbols

indicate stratocumulus cases.,
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Figure 6. As Figure 5 but radiosonde values include the

first cloud layer only.
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Figure 7. (above) Time-height atmospheric cross-sectjion
chowing the variation of specific humidity with
the passage of a warm front. Values shown are
2g/kg (dotted), 4 to 6 g/kg (wide diagonals),

6 to 8 g/kg (cluse diagonals), above 8 g¢g/k¢
(cross-hatched). The section ii based on 31
radiosonde flights at the timoes marked at the
top of the figurea . Tho dashed line marks the
approximate region of the frontal surface.
(below) Valucs of ircegrated water vapour 9y
from the radiosondes (full line), BMMR (squarcs),
and from the §HMR q, diptribution at 0730 gmt

24 Auguutl (dashed linc) .

(hdapted from Tayle: ct al. 1901)
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Figure 8. SMMR q, distribution (kg/m?) at 0730 gmt 24
August 1978 supcrimposed on NOAA 5 Infra-Red
image for 1138 gmt. Radiosonde q, valuas are

shown in boxes. (Photo: University of Dundee).
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Figure 9., B8MMR rain rate values (mm/hour) at 2311 gmt
30 August 1978 superimposed on NOAA 5 Infra-
Rod image for 2030 gmt. (Photo: University

of Dundce).
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Figure 10. SMMR values of q, (full lines, kg/m?§ and q
(dashcd lines with values in boxes, kg/m?) at
2311 gmt, 30 August 1978, The region of over

0.4mn/hour rain rate is shaded.
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Figure 11. Rainfall measurements from HMS Hecla for the

evening of 30 August 1978.
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Figure 12. Comparison of SMMR rain rate measurements
(as Figure 9) and W.M.O. present weather codes
reported from the threec JASIN ships assuming
that the rainfall area propagated at 12 m/s'

toward 110°,
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Figure 13. Synoptic chart for 2100 gmt on 4 August 1978,
full arrows thow the near surface flow, open
arrovhcads the middle level flow. The NOAA 5
Infra-Red image was obtained at 2010 g¢gmt.

(Photo: University of Dundec).
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Figure 14.

SMMR distributions of q, (full lines kg/m?)

and water’bﬁpour (shading, kg/m?) for 2134 gmt.
The thunderstorm symbol marks the region of

dccp convective activity. Note that the maximum
in the rcyion of 62°N, 7% probably represents
an crroncous SMMR vialue due to the prescnce of

land (Faeroc Islands).
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In Proceedings of a Workshop on Applications of Existing Satellite Data
to _the Study of the Ocean Surface Energetics, 19-21 November 1980,
University of Wisconsin-Madison (Ed. C. Gautier), 145-149.

SEASAT SMMR'S ATMOSPHERIC WATER DETERMINATIONS

APPENDIX D.
Kristina B. Katsaros
Department of Atmospheric Sciences
University of Washington
Seattle, Washington 98195
Introduction

Over the open ocean three of the five frequencies in the
Scanning Multichannel Microwave Radiometers (SMMR) on Seasat and
Nimbus 7 are primarily used for determination of the water in the
atmospheric column (see Table 1). The algorithms developed for
interpretation of these signals provide values of total integrated
water vapor, total integrated liquid water, and from sampling the
larger drops that would be precipitating, also an estimate of the
rain rate. This type of information mapped over large areas with
rather fine resolution is providing something totally new and, I
believe, potentially verv powerful. These data provide sources
for research on storm systems, and perhaps in the not too distant

future input on the thermodynamics and dynamics of the atmosphere
for forecast models.

Table 1

Frequency, Wavelength, Footprint Size, and Principal Geophysical
Quantity Predicted by Seasat's S Channel SMMR.

Seasat's
Microwave Retrieval Grid
Frequency Wavelength at 3dB limit

GHz cm km x km Principal Predicted Quantity

6.6 4.6 150 x 150 Sea surface temperature

10.7 2.8 85 x 85 Wind speed ]
18.0 1.7 54 x 54 Precipitation rate (18H)

Water vapor, liquid water
Water vapor, liquid water

37.0 0.8 27 x 27 Precipitation rate (37H) i
' Windspeed in clear air
water vapor, liquid water

21.0 1.4 54 x 54
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Present status

First a taste of what we have learned from Seasat's SMMR (the
Nimbus 7 SMMR data are still being corrected for engineering type
problems and an unexplained large bias). The Seasat SMMR products
were checked against surface truth collected in the Gulf of Alaska
(the Gulf of Alaska Experiment, September 1978), in the North Atlantic
(the Joint Air Sea Interaction Experiment, July-August 1978), and from
the tropical Pacific (radiosonde measurements from weatherships and
small atolls). A summary of the integrated water vapor results is
seen in Table 2 (for further details see Katsaros et al., 1980).

The r.m.s. errors are of about the same magnitude for the two tech-
niques of obtaining total integrated atmospheric water vapor.
Alishouse (1980) has made intercomparisons with a larger number of

radiosonde integrations without substantial change in the percent
agreement.

Table 1I. Summary of the Water Vapcr Retrievals Considered at
the JASIN/Seasat Workshop.

‘Dnu set| No Raod Wentz algo. Wilheit algo.
point g Mean ¢ Mean bilas ¢ Mean b!u [
kg/u? kg/a? kg/m
JCOASEX T |1 1% -l 2.3 18 +3 1.7
ax)
JASIN 19 2.3 5.9 1.6 1.2 8.8
(s2)
Tropice ] 53.9 16.5 99.1 4.9 16.5
R

Being that the SMMR produced water vapor data is available as a
map, it has been found to provide more precise information about the
position of the weather fronts during the JASIN experiment than would
be ascertained from syncptic maps or 3-hourly radiosonde observations
from the three ships in the meteorological triangle with legs = 200 km
in length (Taylor, personal communication, 1980).

For the other two products, integrated atmospheric liquid water
and precipitation rate, there exists virtually no surface intercom-.
parison data, in part because of the difficulties in measuring these
quantities, in part because the emphasis with the SMMR's has been on
ocean surface parameters and sea ice. However, even though the algo-
rithms are probably only relatively correct and even though the reso-
lution of the present instruments is coarse compared to the scale of
the phenomena, they too look promising. 1In Katsaros et al. (1980)
the two algorithms are compared. They are found to be in agreement
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in mid latitudes (low values) of total liquid water content, but
differ over tropical areas. One of the algorithms ("Wilheit") has
an upper limit to the amount of liquid water it can produce.

Gautier (1980) has compared plots of GOES visible data with SMMR's
liquid water with qualitative agreement.

For precipitation rate the two algorithms are in fairly good
agreement at low rain rates, but differ for large values. In the
JASIN experiment, one intercomparison with a ship observation was
obtained with good agreement. The Wentz algorithm predicted
2 mm/hr, and over an hour's time 2 mm of rain had been caught by a
rain gauge. Wher the JASIN ships reported showers, the satellite
retrievals gave no indication of rain, while the occurrence of wide
spread rain verified well against the Seasat SMMR.

An exciting portrayal of a fronmtal rain band is given by the
rain rate map calculated from Seasat's SMMR data on rev. 1212 over
the eastern Pacific (Figure 1). The presence of multiple cells is

very reminiscent of the description of cyclonic rainbands given by
Hobbs (1978).

Looking ahead

1f one allows one's imagination a bit of freedom in considering
ways in which future microwave radiometer data on atmospheric water
parameters may aid atmospheric and oceanic research and improve
numerical forecast models, one can find good cause for optimism.
Figure 2 is a flow chart of how these parameters may be employed. The
solid boxes show importance mainly for the atmosphere, the dashed
ones for the sea. Simply obtaining data on the distribution of these
parameters is, of course, valuable. The deduced "E" and the "P" for
the ocean are the time averaged evaporation and precipitation terms,
which determine water density and thereby geostrophic currents. The
latent heat {1wolved in formation and dissolution of clouds and the
net heating, where precipitation occurs, influence the atmospheric
energetics and dynamics. Atmospheric motions in turn influence
circulations in the upper ocean. The total liquid water in an atmo-
spheric column is, at least for simple cloud structures, the para-
meter which determines transmittance of shortwave radiation and
emittance of longwave radiation. Thus, the satellite measurement of
1iquid water could be used to predict the radiative heat budget at
the sea surface. Having all these relationships parameterized, we

feed the real time satellite data into coupled atmosphere/ocean
numerical models.

Summary

Information
from 3 ch

about the water in the atmosphere can be determined
annels on the Scanning Multichannel t'icrowave Radiometer
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7 ‘ene

hig. 1, Sesset SO reun fate catrieval (rom rev,

1212 wien cortodborating ohip reporte, (Venta),

The existing algorithms interpret

ed water vapor in the column,
ecipitation rate.

(SMMR) on Secasat and Nimbus 7,
the signals as 1) total integrat
2) total liquid water, and 3) pr

During several workshops for evaluation of Seasat's SMMR, it

has been found that total atmospheric water vapor is determined by
SMMR to an accuracy comparable to that of the radiosondes from
ships and small tropical atolls. The total liquid water and rain
rate determinations have virtually no in situ verification, but
look qualitatively very promising, Rain rate determinations are

cerroborated by standard synoptic frontal analysis and conventional
satellite dava.
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Figure 2. Potentisl Uses of SHMMR Water Vapor Channels.
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